Introduction
Coordination polymers have recently lot of attention due to their interesting nonlinear optical properties. [1] [2] [3] Among these compounds, it has been shown that Prussian-blue-analogues offer many prospects in nonlinear optics. [4] [5] [6] [7] [8] For instance, the cyano-bridged coordination polymer of RbxMn[Fe(CN)6](x+2)/3 z H2O switches from a centrosymmetric to a non-centrosymmetric and piezoelectric structure when one increases the Rb content above x=0.7. [6] The non-centrosymmetric structure of the compound gives rise to second-order nonlinear optical properties that were revealed by second-harmonic generation (SHG) experiments. These SHG experiments were performed using Nd:YAG nanosecond laser pulses centered at 1.064 µm. Above x=0.7, it was demonstrated that the second-order nonlinear coefficient steadily increases with the Rb content. [6] For x=0.94, as the temperature is increased from T=240 K to T=320 K, a phase transition between a tetragonal low temperature (LT) structure to a cubic noncentrosymmetric high temperature (HT) structure is recorded. [9] During this phase transition, which is associated to a broad thermal hysteresis loop spanning in between 250 K and 310 K, the color of the sample turns from light brown to dark brown. Since both phases are non-centrosymmetric, SHG signal can be recorded. It is interesting to mention that, if the Kleinman's symmetry conditions hold, this material exhibits the same non-null nonlinear coefficient in both the HT and LT phase. [10] This makes it possible to directly compare the value the second-order nonlinear properties of this compound in the HT and LT phase. The modulation of SHG signal recorded during the structural change of this compound provides an original mean to record the thermal hysteresis loop. [6] However, the recorded modulation of the SHG signal may be either due to the modification of the amplitude of or of the index of refraction in the LT and HT phase. [11] In the HT phase, exciting the sample with nanosecond pulses centered at =1.064 µm, was found to be ~0.032 pm.V -1 . However, due to the high absorption of the SHG signal at =532 nm, such measurements have not been performed in the LT phase. Hence, it is difficult to directly compare the second-order nonlinear optical properties of this material in the LT and HT phases. Hereafter, we will demonstrate that, thanks to a procedure we will describe, we have been able to determine of this compound in the LT and HT phases over a spectral range ranging from 1.1 µm to 1.8 µm. In the LT phase and at 1.1 µm, the measured second-order optical susceptibility increases about twoorders of magnitude reaching a value =2.7±0.3 pm.V -1
. We will show that this enhancement is related to an absorption band of this material whose maximum shifts from 410 nm to 460 nm as the compound switches from the HT to the LT phase. Within the hysteresis loop, we illustrate how one can optically modulate the nonlinear optical properties, namely its , by photo-switching it from the low temperature to the high temperature phase. We have also evaluated the capability of this material to generate terahertz (THz) waves. Indeed, like ZnTe a crystal widely used to generate THz pulses, [12] [13] [14] , we have first measured the absorption and the index of refraction of this compound in the THz spectral range. Our data indicates this material exhibits a transparency window ranging from 2.5 to 7 THz. Then we have used it to generate THz radiations. We have easily been able to record a non-phase-matched THz signal. In the THz frequency range, the value of the second-order optical susceptibility of this material is found to be very large and comparable with ZnTe crystal.
Results and Discussion

SHG
The evolution of the SHG signal in the LT and HT phases versus the power of the excitation pulse centered at 1200 nm is displayed in Fig. 1 . In both the LT and HT phases, the intensity of the SHG signal exhibits quadratic power dependence. Moreover, regardless of the excitation intensity, the spectrum of the SHG signal is found to be in very good agreement with the spectrum of the excitation pulses. These measurements were performed repeatedly, tuning the central wavelength of the exciting pulse from 1.8 µm to 1.1 µm. At each wavelength, we found the SHG signal exhibits quadratic power dependence in both the LT and HT phase. To determine the secondorder optical susceptibility of our sample, we calibrate the SHG against a 1 mm thick ZnSe polycrystalline optical window whose microcrystallites size distribution is centered around 50-70 μm. This crystal also adopts a structure and its second-order optical susceptibility is well known ( = 53.8 pm.V -1 ). This window was inserted almost exactly at the position of our sample. To define the position of the sample, we inserted two small irises at the back and in the front of the lenses L2 and L3, respectively. These two irises fix precisely the position of the sample. [7] Then the sample was removed and the ZnSe window was installed in such a way that the excitation reflected by its front surface is passing through the center of these two irises. Moreover, to ensure we detected only the SHG generated at the surface of a ZnSe window, a razor blade placed on the top surface of the ZnSe window was used to block the SHG signal reflected by the back surface of the latter. Hence, for a fixed intensity of the exciting pulse and whatever its central wavelength, we were able to measure and to quantitatively compare the SHG signals generated by our sample and by the ZnSe window. In Figure 2 , we have plotted the evolution of the ratio of the SHG signal recorded in our sample against the SHG signal recorded in ZnSe. These measurements have been performed fixing the intensity of the excitation pulse to ~5 µJ.mm -2 . The SHG signal in the HT phase is almost always larger than the SHG in the LT phase. In the HT phase, one can notice the occurrence of a sharp peak of the SHG signal centered at1.47 µm. In the LT phase the amplitude of this peak is decreased and it position is shifted to 1.52 µm. We have repeated this experiment many times and we always recorded the occurrence of these SHG peaks. The SHG signal generated by a microcrystal of size r of our sample writes: [15] (1)
,  k are the intensity of the exciting pulse, the second-order optical susceptibility of our sample, the absorption coefficient of SHG signal and the phase mismatch, respectively. For SHG the phase mismatch writes k=2(n-n)/cwhere n and naretheindices of the crystallite at fundamental  and second harmonic  pulsations, respectively. Equation 1 holds when r</k and r<<1. From an ensemble of micro crystallites randomly oriented within a single layer, the SHG signal writes NRbMnFe Iv(2,r) where NRbMnFe is the number of crystallite per unit surface. [16] Hereafter, we will consider the sample can be modeled as a set of layers of crystallites. Accordingly it can be shown that the SHG signal reflected by an infinite number of layers of crystallites writes (see supporting information):
where R(2), T() and T(2) are the reflection of the SHG frequency and the transmission of the fundamental and SHG frequency by crystallite interfaces, respectively. The latter expression is slightly different from the one we previously derived. [7] It now takes into account the multiple reflection of the SHG signal by the different interfaces. Equations 1-3 stress that the SHG signal strongly depends on the indices and absorption of the studied material at the second harmonic wavelength (). The evolution of the absorption and refractive index of this material in the 0.3 µm-0.8 µm spectral range has been previously reported. [11] With a polynomial fit we extended these data in the 1.1 µm to 1.8 µm spectral range. This approximation is valid if the sample is weakly absorbing in this spectral range. To ensure this latter approximation holds, we performed a FTIR spectrum of a thin pellet of our sample. This measurement indicates the absorption is indeed weak in the latter spectral range. Hence, we were able to compute the evolution of the coherence length Lc=/k for our sample in both the LT and HT phase. The evolution of  and Lc are displayed in Fig. 3a- . Knowing the size, the index of refraction and the absorption of the crystallite and considering the second-order susceptibility of our sample is similar in the LT and HT phases, in Fig. 4 we have plotted the theoretical evolution of the ) and ), as one tunes the central frequency of the exciting laser pulse. In the HT phase, the coherence length is large compared to the size r of the crystallites, hence HT) is ~1. Similarly HT), which replicates the SHG reflection coefficient of the powder, is ~1.7 and it decreases as one tunes the excitation wavelength towards 1 µm. As displayed in Figure 3 , in the LT phase the coherence length is small. As one decreases the excitation wavelength, the latter further decreases and it becomes comparable to the size r of the crystallite. Hence, LT) <1 and it starts to decrease above ~1.6 µm. The larger absorption of the sample in the LT phase also impacts the parameter LT) which, in the studied spectral range, is always smaller than 0.2. Furthermore, as one tunes the excitation wavelength below 1.6 µm, it drops abruptly and it becomes smaller than 10 -4 at =1.05 µm As already mentioned, we calibrated the SHG signal produced by our sample against a ZnSe polycrystalline window. The SHG signal produced in reflection by the air-ZnSe interface writes: [10] (4)
Where I(), , Lc, NZnSe are the intensity of the exciting pulse, the second-order optical susceptibility of ZnSe, the coherence length and the number of crystallite per unit surface, respectively. For SHG in reflection, the phase mismatch writes and where n and nareindices of the ZnSe at fundamental () and second harmonic wavelength (), respectively. To compute the coherence length Lc for SHG in reflection in ZnSe, we used the dispersion formula proposed by Marple. [17] Its evolution versus the excitation wavelength is plotted in Fig. 5a . It is worth mentioning that in the studied spectral range, Lc is very small and about 20. Accordingly, the attenuation of the SHG signal over such a small length is negligible. Figure 5a displays the surface SHG signal produced considering the intensity of the exciting pulse is constant and the dispersion of the susceptibility is negligible. [18] The coherence length and consequently the SHG signal are found to decrease as we tuned the central wavelength of the exciting pulse towards 1 µm. Our experimental set-up makes it possible to directly compare the SHG signal produced by either our sample or the ZnSe window. According to Equation 2 and 4, it can be easily shown that:
The latter equation indicates that keeping the same experimental conditions, one can evaluate the optical susceptibility measuring the SHG signal produced by our sample and ZnSe window provided that we know , Lc, r, , , NZnSe/NRbMnFe. Hereafter, we will consider that NZnSe/NRbMnFe~1. Note that in comparison to ZnSe, the concentration of our very slightly compacted RbMnFe sample is likely less. Hence according to Equation 5 , we are underestimating the value of the . Figure 6 displays the evolution of versus the wavelength in the LT and HT phases. One can notice that the increase of the SHG signal recorded at~1.5 µm in the LT and HT phases do not noticeably impact the spectral dispersion of . In the HT phase and over the scanned spectral range we measured ~0.03±0.01 pm.V -1 . This value is very close to the one previously published for this sample and it indicates that two-photon absorption which has been considered by previous authors in second and third harmonic generation experiments are likely negligible in our sample. [7, 19, 20] However in the LT phase, presents a clear dispersion. Below 1.2 µm, it rapidly increases, and at 1.1 µm it is ~2.7±0.3 pm.V -1 . This increase is directly linked to the increase of the absorption of the SHG signal by the sample in the LT phase (dotted blue line in Fig. 6 ) and it is well known to give rise to resonant enhancement of the second-order nonlinear optical susceptibility [10] . The temporal evolution of the THz pulse used to perform THz-TDS of our sample is displayed in Figure 7 . As evidenced in Fig. 7 , the transmission of this pulse by the sample is different in the LT and HT phases. Knowing the thickness of the sample, the analysis of the THz signals presented in Fig. 8 makes it possible to directly evaluate the index of refraction and the absorption of the sample in the LT and HT phases In both the LT and HT phase the sample exhibits two strong absorption bands centered at 270 µm and 54 µm, respectively. These peaks, likely related to far infrared lattice modes of the sample, induce a large absorption of the THz signal. However one can notice that they are spectral windows where the transmission of the signal remains large. For instance when >400 µm and for ~100 µm the absorption of our sample is strongly reduced. This indicates that in these spectral domains, a THz signal generated within our 300 µm thick sample may be efficiently transmitted. One can also notice that in the far infrared (>500 µm) the index of refraction the sample can be as large as 5. It rapidly decreases as the wavelength decreases and it is ~1.9 below =200 µm. Over all the spectral range displayed in Figure 8b , the phase matching condition for THz generation is not satisfied. It requires that the index nTHz of the sample in the THz spectral range equals the group index of the exciting pulse. The latter writes ng=n-dn/d where n and  are the index and the wavelength in the optical range. For our sample, the group index at the excitation wavelength in the LT (ng~1.42) and HT (ng~1.32) phases is always smaller than the index nTHz of the sample the THz spectral range. However, it is important to indicate that the coherence length Lc=THz/[2(nTHz-ng)] for THz generation is always larger than the size (~2.1 µm) of the crystallites used to prepare the pellet. The THz signal produced by exciting the sample with the 160 fs pulses centered at =1.1 µm and detected by the Golay's cell is displayed in Figure 10 . THz generation is a second-order nonlinear process. Hence, the THz signal displays quadratic evolution versus the excitation intensity. In Figure 9 , one can also notice that the THz signal in the LT phase is slightly larger than in the HT phase. When the energy of the excitation pulse is ~2.2 µJ, the calibration of our Golay's cell indicated that the energy of the THz pulse is ~0.11 nJ. This corresponds to a conversion efficiency of 5.10 -5 . This value has to be compared to conversion efficiency (~10 -5 ) achieved under the phase matching condition when one excite a 1 mm thick <110> cut ZnTe crystal with 120 fs pulses having a similar peak power centered at =800 nm. Hence, this experiment indicates that the nonlinear coefficient of this material in the THz range in both the LT and HT phases is, at least, larger than the nonlinear coefficient of ZnTe crystal ( >100 pm/V). This latter value is very large compared to the nonlinear coefficient we measured for SHG. Here again, this enhancement may results from the very large absorption of our sample in the THz spectral range.
THz spectroscopy and THz generation
Optical modulation of the second-order nonlinear optical properties.
One of the interesting properties of the cyano-bridged coordination polymer RbxMn[Fe(CN)6](x+2)/3 z H2O is that it can be photo-switched from the LT phase to the HT phase within the thermal hysteresis loop. We have recently shown this makes it possible to optically photoswitch its third-order nonlinear optical properties. [7] Since the secondorder nonlinear properties of these compounds are different in the LT and HT phase, it should be also possible to record a modulation of their second-order nonlinear properties as the sample is switched from the LT phase to the HT phase. To demonstrate this phenomenon we performed an experiment very similar to the one we realized to demonstrate the photo-switching of the third-order nonlinear optical properties of Rb0.94Mn[Fe(CN)6]0.98.0.3H2O. [7] The sample was initially set in the LT phase at 285 K. The SHG signal was then recorded, exciting the sample at λ=1400 nm by varying the energy of the exciting pulse in between 0.1 µJ and 2.0 µJ. Afterwards, we increase the energy of the pulse to ~10 µJ. After several seconds, when a sequence of these more powerful pulses is used, the color of the area excited by these pulses turned from dark brown to light brown (inset Fig. 10 ). This indicates the sample, likely heated by the laser beam, is switched from the LT phase to the HT phase. To confirm that the sample was indeed in the HT phase, we reduced the energy of the laser pulses from 10 µJ to 0.1-1.5 µJ and recorded the SHG signals for these lower energies. These SHG signal were then compared to the SHG signals we previously recorded under the same experimental condition when the sample was set in the HT phase. Figure 10 , indicates the amplitude of these two SHG signals recorded at T=285 K are almost similar. This indicates that indeed we have switched the sample from the LT to the HT phase. Then, cooling the sample with a nitrogen jet, we could bring it back in the LT phase where the sample recovered its dark brown color. The amplitude of the SHG signal is then almost identical to the one we recorded at the beginning of this experiment. Repeating this experiment many times, we could reproduce these results. This experimental proof of concept indicates that one is indeed able to photo-switch back and forth the second-order nonlinear optical properties of this sample from the LT phase to the HT phase. Cooling the sample in the LT phase, we were able to reproduce this experiment more than ten times without significant evolution of the SHG signal
Conclusions
The ensemble of results presented in this manuscript indicates that Rb0.94Mn[Fe(CN)6]0.98.0.3H2O cyano-bridged coordination polymer exhibits original linear and second-order nonlinear optical properties. Within the broad thermal hysteresis loop of this compound around room temperature, we have characterized its linear properties in the THz frequency range using THz-TDS and determined its second-order nonlinear properties in the near IR and THz ranges performing SHG and THz generation, respectively. We have shown that, in the THz frequency range this compound as a high index of refraction that decreases almost steadily from ~5 to ~2 as the wavelength decreases from 700 µm down to 50 µm. We have shown it also exhibits a high and broad absorption peak centered at ~300 µm and a useful transparency range at higher and lower wavelengths. In the HT phase and in the near IR spectral range the amplitude of the second-order susceptibility is low and ~0.03±0.01 pm. . We have also demonstrated that in the THz frequency range this compound exhibits a high second-order optical nonlinearity comparable to ZnTe that makes possible to record THz generation when this material is excited with femtosecond laser pulses. Finally, we have also evidenced that one can photo-switch the linear and nonlinear optical properties of this compound within its thermal hysteresis loop. This opens the possibility to modulate the amplitude of the nonlinear properties of this material.
Experimental Section Sample preparation and characterization
The preparation and characterization of Rb0.94Mn[Fe(CN)6]0.98.0.3H2O has previously been described elsewhere.
[6] The sample we used consists in powder of cubic micro-crystals with a size of 2.1±0.7 µm. For the SHG measurements, the powder was inserted in between two microscope slides, gently pressed, and heated at 330 K. For the THz spectroscopy and THz generation, we pressed the powder using a pressure of 4 kN to prepare a 300 µm thick pellet. After preparation, the pellet was also heated at 330 K. As displayed in Fig. 11 , when the temperature is decreased from 330 K to 200 K, the color of our sample changes from light brown to dark brown. As the temperature of the sample is decreased, the sample experiences a structural phase transition from the HT phase (cubic ) to the LT phase (tetragonal ). Figure 11 also shows that this structural transition is associated to a broad thermal hysteresis loop which extends in between T~310 K and T~210 K. The change of color of the sample is associated to the shift of a broad absorption band of the compound in the visible spectral range. In the HT phase, a broad and intense absorption peak centered at ~460 nm, likely due to the intervalence transfer band from the Mn III -NC-Fe II to Mn II -NC-Fe III and JahnTeller distorted Mn III is recorded. [11] In the LT phase, this absorption peak is shifted toward ~410 nm and its amplitude decreases. The latter absorption has been assigned to the ligand-to-metal charge transfer (LMCT) transition of [Fe III (CN)6]. [11] The index of refraction is also sensible to this structural phase change. In the near infrared spectral range, the index of refraction which is ~1.32 in the HT phase increases to ~1.42 in the LT phase. [7, 11] As shown in this manuscript, the changes of the absorption coefficient and the index of refraction impact both SHG and THz generation.
6
Experimental set-up
The experimental set-up we used to perform our SHG experiments has been presented elsewhere. [7] The sample was excited by 160 femtosecond (fs) pulses yielded by an optical parametric amplifier (OPA), which has a central wavelength tunable from 1100-2400 nm. At the exit of the OPA, an infrared (IR) glass filter is inserted. It transmits the IR pulses produced by the OPA and blocks the visible light produced within this system. The laser pulse is then slightly focused by a lens L1 onto the sample over a beam waist of 235 µm, and its maximal energy is 2 µJ. Due to the thickness of our sample, no SHG signal was detected in transmission. The SHG signal generated at the surface of the sample was collimated by the lens L2 and focused by the lens L3 on the entrance slit of a spectrometer in front of which we inserted a colored glass filter F2. The latter transmits the visible light and blocks the infrared excitation pulse. The spectrum transmitted by the spectrometer was recorded by a thermally cooled charge coupled detector (CCD).
The THz set-up we used to perform the THz time domain spectroscopy (TDS) has been described elsewhere. [21] In short, a THz beam consisting in a singlecycle THz wave is emitted in air ionized by the fundamental and the second harmonic of 50 fs pulses centered at =800 nm. After transmission through the sample, this wave is measured by electro-optical (EO) sampling in a 200 µm-thick <110> GaP crystal. This THz detection system records the temporal profile of the electric field of the THz pulses which makes it possible to recover the complex index of refraction of the studied sample on a 0.3-7 THz frequency range. However, this method implies to perform two measurements. We first record a reference waveform ER(t) without the sample and then a signal waveform ES LS,HS with the sample in the LS and HS state, respectively. The
Fourier components of the two signals are obtained through a Fourier transform and define the complex transmission function of the sample, equal to the ratio of the output amplitude spectrum to the input of the reference spectrum. The latter is directly related to the complex refractive index of the sample or to the frequency-dependent complex dielectric constant of the sample. It also makes it possible to retrieve the absorption spectrum of the sample. [21, 22] For the THz generation experiment, a 300 µm thick pellet was excited by the 160 fs pulses centered at =1.1 µm provided by the OPA. The THz wave was generated without focusing the exciting pulses. It was collected and focused on the detector (a Golay's cell) by two 20 cm focal length, gold-coated, off-axis parabolic mirrors. To prevent any signal due to diffusion of the exciting beam, a silicon wafer and Teflon sheet were inserted in front of this detector. The THz wave generated by the sample was modulated by a chopper and the detector was connected to a lock-in amplifier. We checked that without the sample no signal was detected.
To run the SHG experiment the sample was held in a thermally controlled cold finger in which the temperature is set at T=290 K. To set the sample in the HT phase, it was heated up to 330 K. It was then slowly cooled down to T=290 K. As the sample switches from the LT phase to the HT phase its color turns from dark brown to light brown. To bring the sample back in LT phase, it is cooled for several minutes by means of a nitrogen jet and slowly heated back to T=290 K. During this process, the color of the sample switches from light brown to dark brown.
